Galactokinase and L-galactosidase-deficient strains of Streptococcus salivarius were constructed to define the pathways for lactose and galactose catabolism. It was found that S. salivarius does not possess a lactose-specific phosphoenolpyruvate phosphotransferase system (PTS), that intracellular lactose was hydrolyzed by L-galactosidase, and that galactose is catabolized exclusively through the Leloir pathway. The lack of a high-affinity PTS for lactose may reflect the higher availability of the substrates to soft tissue organisms, such as S. salivarius, compared to dental plaque bacteria. ß
Introduction
The catabolism of lactose by streptococci with industrial relevance has been the subject of intensive study. In dairy streptococci, lactose is the major carbohydrate that drives fermentations in the production of yogurt, cheeses and other widely consumed food products. Two organisms of major economical importance, Lactococcus lactis and Streptococcus thermophilus, catabolize lactose via distinct pathways [1] . In S. thermophilus, lactose is transported solely through a lactose permease (LacS), which is cleaved by a L-galactosidase (LacZ) to generate glucose and galactose. The glucose moiety produced may be directly utilized through Embden^Meyerhof^Parnas pathway. Galactose is metabolized through the Leloir pathway [2] , which consists of galactokinase (GalK), galactose-1-phosphate uridyltransferase (GalT), UDP-glucose-4-epimerase (GalE), UDP-glucose synthetase, and phosphoglucomutase. The net result is the conversion of galactose to glucose-1-phosphate. The genetic organization and the regulation of the gal/lac regulon in S. thermophilus strain CNRZ302 have been recently described [3] . The genes encoding enzymes for Leloir pathway are arranged as an operon in the order of galKTE, followed by a galM and the lactose operon, lacSZ. The expression of both the gal operon and the lac operon is positively regulated in the presence of lactose by GalR. In L. lactis, lactose is transported and concomitantly phosphorylated via a lactose-speci¢c enzyme II complex of the phosphoenolpyruvate phosphotransferase system (PTS). The intracellular lactose-6-phosphate is cleaved by a phospho-L-galactosidase (LacG) into glucose and galactose-6-phosphate. The latter phosphohexose is sequentially converted by the tagatose pathway to tagatose-6-phosphate, tagatose-1,6-bisphosphate, and then to glyceraldehyde-3-phosphate and dihydroxyacetone phosphate prior to glycolysis. Alternatively, galactose can be transported via a permease, and the intracellular galactose is further metabolized through the Leloir pathway, as has been described in S. thermophilus [1, 3] .
Lactose is a signi¢cant constituent of the human diet and its catabolism by human oral bacteria likely in£uences the ecological balance of the complex populations of oral bacteria colonizing the teeth and soft tissues of the mouth. Despite the prevalence of lactose in the human diet, little information is available on the genetic organization of lactose/galactose utilization clusters of oral streptococci other than Streptococcus mutans [4] and Streptococcus gordonii (accession number AF210773). Similar to L. lactis, these dental plaque bacteria have a lactose-speci¢c PTS and a phospho-L-galactosidase, and utilize galactose through both the tagatose [5] and the Leloir pathways [6] .
Streptococcus salivarius is a major constituent of the bio¢lms colonizing the buccal epithelium, tongue and dorsal epithelium [7] . This organism can comprise the majority of the total cultivable £ora of the soft tissues of the mouth and possesses a number of important biological activities that are thought to contribute to the stability of oral communities. Previous studies suggested that lactose metabolism in S. salivarius 25975 is subjected to catabolite repression by glucose and can be induced by lactose, and also that S. salivarius may possess both a permease and a PTS for lactose uptake [8] . The purpose of this study was to use genetically de¢ned mutants to disclose the mechanisms by which S. salivarius could catabolize lactose/galactose.
Materials and methods

Bacterial strains and growth conditions
Streptococcal strains were routinely maintained in brain-heart-infusion broth. For measuring enzyme activities and for monitoring cell growth, cells were grown in a chemically de¢ne medium, FMC [9] , supplemented with carbohydrates as indicated.
Isolation of S. salivarius 57.I galK
A 0.9-kb internal fragment of the S. salivarius 57.I galK, encoding galactokinase, was ampli¢ed by recombinant PCRs [10] to introduce a unique restriction site within the gene. Primer pairs homologous to the S. thermophilus CNRZ302 galK (accession number U61402) were designed. Primer galKSphS, 5P-CACCAGGTCGTGCATG-CTTGATTGG-3P, contained the sequence encoding amino acids 24^32 of the enzyme and an SphI site (shown in bold). Primer galKBamAS, 5P-TCAGCTCCCATAGGAT-CCGCGAATTGGTCC-3P, contained the anti-sense sequence encoding amino acids 183^174 of the enzyme and a BamHI site. Primer galKBamS, 5P-GGACCAATTCGC-GGATCCTATGGGAGCTGA-3P, was complementary to galKBamAS. Primer galKSacAS, 5P-CCTTCTTGTGAG-CTCGCTGTGTGTGCC-3P, contained anti-sense sequence encoding amino acid 322^330 of the enzyme and a SacI site. PCR products were ¢rst generated by using primer pair galKSphS+galKBamAS or primer pair galKBamS+galKSacAS. The products with the correct predicted sizes were isolated from agarose gel slices by using S and S Elu-Quik DNA puri¢cation kit (Schleicher and Schuell). Equi-molar amounts of these two products were mixed for the secondary PCRs using primer pair galKSphS+galKSacAS. The ¢nal PCR products were digested with SphI and SacI and cloned onto pGEM5zf(+) (Promega) to generate plasmid pJZ7. Sequence analysis was performed with pJZ7 to con¢rm that the galK gene was isolated.
Isolation of S. salivarius 57.I lacZ
The S. salivarius 57.I lacZ, encoding L-D-galactosidase, was ampli¢ed by PCRs with primers homologous to the S. thermophilus strain A054 lacZ gene (accession number M63636). Primer lacS, 5P-ATGAACATGACTGAAAAA-ATT-3P, contained sequence encoding the ¢rst seven amino acids of the S. thermophilus L-D-galactosidase, and primer lacAS, 5P-TCATGAAGCTTAATTGATAGC-3P, contained anti-sense sequence encoding the last seven amino acids of the enzyme. The PCR product, approximately 3 kb, was initially cloned onto pCR1II (Invitrogen), and sequence analysis was performed to con¢rm the identity of the product.
Enzyme assays
To measure L-galactosidase and phospho-L-galactosidase activity, the protocol of Miller was employed [11] , and the activities were assayed in cells that had been grown in FMC with lactose (10 mM) or glucose (20 mM) as the sole carbohydrate. Brie£y, mid-exponential phase cells were recovered by centrifugation, washed once with 10 mM Na phosphate, pH 7.0. Cells were resuspended in 1/10 of culture volume in Z bu¡er [11] , and 50 Wl of toluene :acetone (1:9) was added to each ml of concentrated cell suspensions. All cell suspensions were chilled in ice water prior to vortexing at high speed for a total of 2 min. Permeabilized cell suspensions were incubated at 37 ‡C with gentle rocking for 1 h to remove toluene and acetone prior to the assays. Orthonitrophenyl-L-D-galactopyranoside (ONGP) or ONGP-phosphate was used as substrates for L-galactosidase or phospho-L-galactosidase assays, respectively.
The PEP-dependent lactose-speci¢c transferase activities were assayed in permeabilized cell suspensions as described by LeBlanc et al. [12] with the following modi¢cations. Brie£y, mid-exponential phase cultures grown in FMC supplemented with lactose or glucose were harvested and washed twice with 0.1 M Na^K phosphate bu¡er, pH 7.2, containing 5 mM MgCl 2 . Cells were concentrated to 1/10 of the original culture volume in the same bu¡er and permeabilized as described above. Reactions were carried out at 37 ‡C and were initiated by addition of PEP. Controls consisted of all components except PEP. The PTS activity was determined based on a lactate dehydrogenase-coupled continuous spectrophotometric assay [13] , where pyruvate was generated from PEP dephosphorylation and subsequently reduced to lactate by lactate dehydrogenase. The rate of NADH oxidation was followed at 340 nm. Speci¢c activities were expressed as nmol of PEP-dependent NADH oxidation min 31 mg cells dry weight 31 .
Results
Construction and characterization of a GalK-de¢cient S. salivarius 57.I
The result of sequence analysis of plasmid pJZ7 revealed that the deduced amino acid sequences of the S. salivarius galK shared 94% identity (95% similarity) with that of S. thermophilus galK. Southern hybridization at high stringency con¢rmed that the PCR product originated from S. salivarius 57.I. A 2.1-kb BamHI fragment containing a kanamycin-resistance (Km r ) determinant £anked by transcription terminators (6kan) [14] was subsequently cloned onto BamHI-digested pJZ7 to generate plasmid pJZ12. Plasmid pJZ12 was used to construct a GalK-de¢cient S. salivarius 57.I by allelic exchange. The con¢gu-ration of the double-cross integration in Km r transformants of S. salivarius was con¢rmed by Southern blot analysis using 6kan and galK probes (Fig. 1A) .
The ability of the GalK-de¢cient strain to grow with glucose, fructose, galactose, or lactose as the sole carbohydrate source was assessed in FMC supplemented with the desired carbohydrate. The GalK-de¢cient mutant strain, like the wild-type cells, was able to use glucose, fructose or lactose as the sole carbohydrate source. The doubling time of this mutant in fructose or lactose was very similar to that of the wild-type cells (Table 1) , however the mutant strain grew more slowly than the wildtype cells when glucose was the sole carbohydrate. Galactose was not able to support the growth of the mutant, indicating that unlike S. mutans, S. salivarius utilizes galactose solely via the Leloir pathway. To further con¢rm that S. salivarius possesses all enzymes for a functional Leloir pathway, the presence of galT and galE on the chromosome was veri¢ed by PCR using primers homologous to S. thermophilus galE and galT (data not shown), and organization of the gal operon was found to be essentially identical to that of S. thermophilus [3] .
Construction and characterization of a LacZ-de¢cient S. salivarius 57.I
The result of sequence analysis of S. salivarius 57.I lacZ generated by PCRs indicated that the S. salivarius LacZ shared 93% identity (94% similarity) with the S. thermophilus LacZ. An internal 2.6-kb PstI^XbaI fragment of the PCR product was subcloned onto pGEM3zf(+) (Promega) to generate pMC194, and a 2.1-kb DNA fragment containing 6kan was subsequently cloned in the unique ClaI site centrally located in the PstI^XbaI fragment to generate plasmid pMC195. Plasmid pMC195 was introduced into S. salivarius 57.I to generate a LacZ-de¢cient derivative by allelic exchange. Southern blot analysis was performed to con¢rm that allelic exchange had occurred within lacZ (Fig. 1B) .
The ability of the LacZ-de¢cient mutant to grow on glucose, fructose, galactose, or lactose as the sole carbohydrate source was also evaluated. This strain grew as well as the wild-type strain on glucose, fructose or galactose, but was unable to grow when lactose was provided as the sole carbohydrate ( Table 1 ), indicating that L-galactosidase is essential for lactose metabolism in S. salivarius. The presence of lacS, a gene encoding a lactose permease, was con¢rmed by PCR using primers derived from the S. thermophilus lacS sequence, and the organization of lac operon was found to be lacSZ (data not shown). We also measured L-galactosidase and phospho-L-galactosidase activity in an additional S. salivarius strain, 25975 [15] . In agreement with a previous study with S. salivarius 25975 [8] , higher levels of L-galactosidase activities were detected in cells grown in lactose than in cells grown in glucose (Table 2) . A similar level of induction of L-galactosidase activity was also observed in the GalK-de¢cient strain. However, in glucose-grown cells, higher levels of L-galactosidase were consistently detected in the wildtype strain compared to the GalK-de¢cient strain. No lactose hydrolysis could be detected in the LacZ-de¢cient strain. Furthermore, no phospho-L-galactosidase activity could be detected in any S. salivarius strain used in this study (data not shown), indicating that intracellular lactose is hydrolyzed solely by L-galactosidase. In S. mutans Table 1 Generation times of wild-type S. salivarius 57.I, GalK-de¢cient, and LacZ-de¢cient mutants in di¡erent carbohydrate UA159, where lactose is transported via the PTS, phospho-L-galactosidase activity but not L-galactosidase activity was detected (data not shown). These results suggested that S. salivarius lacks a PTS-dependent pathway for lactose uptake and catabolism. The PTS activity was assayed and only background levels of lactose-speci¢c PTS activity was detected in the LacZ-de¢cient strain, indicating that S. salivarius 57.I does not possess a lactose-speci¢c PTS. Since both the wild-type and the GalK-de¢cient strains possess a functional L-galactosidase, the PTS activities detected when lactose was assayed as the substrate were likely due to phosphorylation of glucose released by lactose hydrolysis by L-galactosidase. The elevated levels of PTS activity seen with cells grown in lactose compared to glucose-grown cells can be attributed to the up-regulation of L-galactosidase activity in both the wild-type and GalK-de¢cient strains (Table 3 ).
Discussion
Lactose and galactose are major constituents of the human diet, and thus represent a major nutrient source for oral bacteria. Consequently, lactose/galactose catabolism by lactic acid bacteria in the oral cavity may play critical roles in the ecology of the complex populations comprising the bio¢lms on oral surfaces. Previous molecular and biochemical studies with lactic acid bacteria used in production of dairy products and with the oral pathogen S. mutans clearly showed that lactose/galactose could be metabolized by multiple routes [4, 5, 16] . By using a galactokinase-and a L-galactosidase-de¢cient strain, it was demonstrated that S. salivarius utilizes galactose exclusively via the Leloir pathway, that lactose is not transported by the PTS, and that the only mechanism for lactose catabolism in S. salivarius is via a L-galactosidase. Our results also indicated that the similar to S. thermophilus, galactose moiety of lactose was excreted into the medium by the S. salivarius GalK-de¢cient (data not shown). Thus, S. salivarius, which is a highly abundant oral bacterium, catabolizes lactose/galactose through pathways different than those of S. mutans and other oral streptococci, as does S. thermophilus.
The main route for lactose and galactose into S. salivarius is probably through symport-driven permeases that transport these sugars into the cell in their unphosphorylated form. Whether separate permeases are present for lactose and galactose, or whether a single permease transports both sugars is not known. However, it is interesting that S. mutans and S. salivarius utilize lactose/galactose by di¡erent mechanisms from the perspective of the di¡erent environmental niches occupied by these bacteria. S. salivarius is abundant on soft tissues, where bio¢lm thickness is less than that which can be achieved in dental plaque. Thus, transport by a symport mechanism, which is probably a lower a⁄nity process than PTS-driven lactose uptake, may re£ect that lactose/galactose availability to S. salivarius is greater since there would be less di¡usion limitation on soft tissues as compared to thick dental plaque.
Finally, it is known that the intracellular levels of fructose-1,6-bisphosphate (FBP) and glucose-6-phosphate (G6P) are closely associated with the regulation of sugar transport and carbon-catabolite repression [16, 17] . Catabolism of galactose through the tagatose pathway, as can occur in S. mutans, bypasses the upper portion of the glycolytic pathway, and thus the levels of G6P and FBP should be lower than that if lactose/galactose were catabolized via the Leloir pathway exclusively, as occurs in S. salivarius. Thus, lactose/galactose catabolism may have a substantially di¡erent impact on physiology and gene expression of S. mutans compared to S. salivarius. Further studies of the e¡ects on global regulation of gene expression and on the physiology of oral streptococci during growth on lactose/galactose is needed to understand the basis for retention of di¡erent lactose/galactose catabolic pathways in di¡erent oral streptococci.
